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Cross-sectional scanning tunneling microscopy (X-STM) was employed to characterize the InAs
submonolayer quantum dots (SMLQDs) grown on top of a Si-doped GaAs(001) substrate in the
presence of (2×4) and c(4×4) surface reconstructions. Multiple layers were grown under different
conditions to study their effects on the formation, morphology and local composition of the SMLQDs.
The morphological and compositional variations in the SMLQDs were observed by both filled and
empty-state imaging. A detailed analysis of indium segregation in the SMLQDs layers was described
by fitting the local indium-concentration profile with a standard segregation model. We observed a
strong influence of the arsenic flux over the indium incorporation and formation of the SMLQDs. We
investigated the well-width fluctuations of the InGaAs quantum well (QW) in which the SMLQDs
were formed. The well-width fluctuations were small compared to the more pronounced composition
fluctuations in all the layers. The lateral compositional variations lead to the formation of indium-
rich clusters which can act as quantum dots and yield charge-carrier confinement.
Keywords: Submonolayer quantum dots, Surface reconstruction, X-STM, Indium segregation
INTRODUCTION
III-V semiconductor quantum dots (QDs) attracted
much research interest due to their potential applica-
tions in many optoelectronic devices such as lasers [1],
single-photon detectors [2], solar cells [3], and quantum
information technologies (QITs) [4]. Typical III-V self-
assembled QDs are grown by molecular beam epitaxy
(MBE) in the Stranski-Krastanov (SK) mode where the
strain-induced formation of the dots occurs as a con-
sequence of the lattice mismatch between the epitaxial
layer and the substrate[5]. The performance of such
SKQDs is limited by their low areal density, high aspect
ratio (base to height) and a lower degree of freedom to
modify the QD size. Another drawback of SKQDs is the
presence of a two-dimensional (2D) wetting layer which
reduces the three-dimensional confinement (3D) of the
charge carriers.
The submonolayer (SML) technique is considered as
an alternative to the SK growth mode to obtain a higher
dot density, smaller aspect ratio, to get a better control of
their size and composition, and to avoid the formation of
the wetting layer[6, 7]. The main idea behind the growth
of SMLQDs is to deposit a fraction of a monolayer (ML)
of a low band-gap material forming monolayer-thick is-
lands which are then covered by a few MLs of a high
band-gap material and the cycle is repeated. Due to
the lattice mismatch between the two materials, a lo-
cal tensile strain builds up in the thin cap layer which
will provide favorable sites to nucleate the islands of the
next growth cycle. Under optimal growth conditions, the
small islands of multiple layers will stack vertically, be-
having like a single quantum dot. A similar technique
has been exploited for the fabrication of columnar quan-
tum dots, starting with a layer of InAs SKQDs, acting
as a seed, followed by cyclic depositions of InAs/GaAs to
obtain the desired size of columnar QD[8, 9].
In general, InAs SMLQDs are grown using experimen-
tal conditions very similar to the ones used for InAs
SKQDs, i.e, high arsenic flux, low InAs growth rate,
and low substrate temperatures. According to G.R. Bell
et al,[10] the nucleation of stable 2D InAs islands oc-
curs only in the presence of a (2×4) reconstruction of
the GaAs surface before deposition of the InAs mate-
rial. However, the combination of a high arsenic flux
and low substrate temperature always yields a c(4×4)
reconstruction[11], where the indium atoms preferentially
incorporate into the trenches of the c(4×4) reconstructed
surface, randomly alloying the surface rather than form-
ing 2D InAs islands[12]. Therefore, the growth con-
ditions have to be modified, and the arsenic flux has
to be considerably reduced to reach the (2×4) surface
reconstruction[13]. It has been reported that, due to
segregation of indium along the growth direction, indium
from the bottom layers segregates and coalesces with in-
dium from the top layers and forms In-rich clusters or
agglomerates that behave like quantum dots[14]. The de-
sired height and composition are achieved by optimizing
the number of deposition cycles as well as by optimizing
the GaAs-spacer thickness [6]. The zero-dimensional be-
havior of SMLQDs has been reported in many works[15–
17]. Due to their high areal density and better unifor-
mity in size and shape, SMLQDs demonstrated their po-
tential in diverse applications such as 20 Gb/s vertical-
cavity surface-emitting lasers (VCSELs) [18, 19], diode
lasers with high differential gain and lower threshold cur-
rent density [20], high detectivity quantum dot infrared
photodetectors (QDIPs) [21, 22] and solar cells with en-
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2hanced open circuit voltage (VOC) and reduced short-
circuit current density (JSC)[23].
EXPERIMENTAL DETAILS
The sample was grown by MBE on an epi-ready
Si-doped GaAs (001) substrate (doping concentration
n=1× 1018 cm−3). After oxide removal and degassing at
600oC during 5 minutes, a 200 nm-thick Si doped GaAs
buffer (n=1×1018 cm−3) was deposited at 570oC. In the
sequence, five layers containing SMLQDs were grown un-
der different conditions, changing only one parameter at
a time (mainly the In, Ga or As flux). Each SMLQDs
layer was deposited at 490oC and consisted of six deposi-
tion cycles of 0.5 ML of InAs followed by 2.5 MLs of GaAs
(except layer 2 that contained 10 cycles). They were sur-
rounded by 40 nm of GaAs and separated from the next
SMLQDs layer by 120 nm of GaAs:Si (n=1×1018 cm−3)
to provide a good conductivity for the X-STM measure-
ments, without having Si atoms inside the nanostructures
themselves, as shown in Fig.1. All these GaAs layers were
deposited at 570oC, except for the first 3 nm just above
the SMLQDs, that were deposited at 490oC to avoid in-
dium evaporation. The growth conditions of the five SM-
LQDs layers were as follows:
Layer 1: The arsenic flux and InAs & GaAs growth rates
were considerably reduced (with respect to the growth
conditions normally used for SKQDs) to achieve a (2×4)
surface reconstruction. The very low arsenic flux was
equivalent to a growth rate of 0.15 ML/s when incident
directly onto a Ga-rich surface, while the growth rates of
InAs and GaAs were 0.0146 ML/s and 0.1 ML/s respec-
tively.
Layer 2: It was grown under the same conditions as
layer 1, but ten cycles were deposited instead of six to
form the SMLQDs.
Layer 3: Same structure and growth conditions as layer
1, except the arsenic flux was slightly increased (0.25
ML/s) in order to obtain a c(4×4) surface reconstruc-
tion.
Layer 4: The layer was grown same as layer 3, except
with a much higher arsenic flux (1.90 ML/s), similar to
the one normally used in SKQDs.
Layer 5: Same growth conditions as layer 4, but the
growth rates of InAs (0.112 ML/s) and GaAs(1.00 ML/s)
were increased such that the SMLQDs were grown in the
same conditions as usual SKQDs, as often seen in litera-
ture.
All the X-STM measurements were performed in a
conventional Omicron low-temperature STM at liquid-
nitrogen temperature (77K) under ultra-high vacuum
(4−6×10−11mbar). The measurements were carried out
on a freshly obtained {110} surface by cleaving the sam-
ple in ultra-high vacuum (UHV). STM tips were made of
polycrystalline tungsten wires obtained by electrochemi-
FIG. 1. Schematic structure of the X-STM sample grown by
MBE
cal etching followed by baking and sputtering inside the
STM chamber in UHV. All the filled and empty-state
images of the SMLQDs layers were acquired in constant
current mode. Due to the atomic arrangement of the
{110} surfaces of Zinc-blende crystals, only every second
monolayer along the growth direction is visible in the X-
STM images [24]. In filled-state imaging at high negative
bias voltages, the As sublattice (group V) was imaged,
while in empty-state imaging at positive bias voltages,
the Ga and In sublattices (group III) were imaged.
RESULTS AND DISCUSSION
Fig.2 shows atomically resolved topographic filled-
state X-STM images of all five SMLQDs layers obtained
at high negative bias voltage. From the morphological
point of view, there is a clear difference in the appear-
ance of bright regions among the layers, the bright con-
trast in the image being due to the outward relaxation
of the compressively strained InAs regions after cleavage.
3FIG. 2. Filled-state images (80×25 nm2) of all the SMLQDs
layers 1 to 5 taken at bias voltage (Vb) = - 2.1 V and tun-
neling current (It) = 50 pA. The arrow indicates the growth
direction [001].
From the filled-state images, there is no clear separation
of the InAs submonolayer (0.5 ML) and GaAs spacer
(2.5 MLs), indicating the segregation of indium atoms
over several monolayers along the growth direction [001].
From Fig.2, there is a clear difference in the brightness
along the lateral direction, indicating inhomogeneity in
the indium composition within the layers, and suggest-
ing the formation of well-separated In-rich clusters. The
color contrast of the filled-state images was modified in
Fig.3 to better show the compositional fluctuations and
indium clustering.
The lateral compositional fluctuations are more pro-
nounced in layer 1 (grown with a (2×4) surface recon-
struction) than in the other layers grown with a c(4×4)
reconstruction, although there is no clear indication of
vertical stacking of 2D InAs islands for the formation
of SMLQDs (see Fig.3). Layer 2, which was grown in
FIG. 3. Same filled-state images (80×25 nm2) as in Fig.2,
but with a different contrast, taken at Vb = - 2.1 V and It =
50 pA, showing the In-rich clusters (bright red regions).
the same way as layer 1, but contains 10 cycles instead
of 6, looks similar to layer 1 without any indication of
SMLQDs formation. Despite the fact that they have the
same indium concentration, layer 2 appears brighter than
layer 1 due to the enhanced surface relaxation that in-
creases with the total thickness of the InGaAs layer. Lay-
ers 3, 4, and 5, which were grown with a c(4×4) surface
reconstruction due to the higher arsenic flux, show a sys-
tematic tendency to form indium-rich clusters. Among
all the SMLQDs layers, layer 5, grown at high arsenic,
gallium and indium fluxes, shows the highest density of
5-6×1011 SMLQDs/cm2, which is roughly 10 times the
usual SKQDs density. The SMLQDs have a base length
of 4–6 nm and a height of 3–3.5 nm, which lead to a
smaller aspect ratio than for SKQDs that contributes to
enhance the efficiency of the devices[25]. In the filled-
state images (Fig.2 and Fig.3), the intensity of the bright
regions increases from layer 1 to 5, indicating a variation
4FIG. 4. Atomic-resolution empty-state images (80×25 nm2)
of the SMLQDs layers 1 to 4, taken at Vb = + 2.5 V and It
= 50 pA. The arrow indicates the growth direction [001].
in indium concentration among the layers, although all
of them nominally received exactly the same amount of
indium. In general, the growth temperature has a sig-
nificant effect on the incorporation of indium atoms into
the bulk[26]. However, in our case, the five SMLQDs lay-
ers were deposited at the same temperature (490oC), and
the substrate temperature cannot be responsible for this
behavior. From the X-STM analysis, it seems that the
arsenic flux is also an important parameter, as well as
the GaAs and InAs growth rates. A common point to all
these observations is the indium segregation, which is a
physical phenomenon that limits indium incorporation, is
a function of the growth parameters and is weaker when
the arsenic flux and the growth rates increase[26, 27].
To further study the effect of the arsenic flux on the
local composition of the SMLQDs, empty-state imaging
was performed. Fig.4 shows atomically resolved empty-
state images of the SMLQDs layers 1 to 4, at positive
bias voltage revealing the group III sublattice. Due to
the tip drop off over the edge during the measurement,
it was impossible to get the empty-state images of layer
5. The individual indium atoms are identified as bright
point-like features in the images. The local indium con-
centration of the SMLQDs layers was estimated on each
atomic corrugation line. The extent of indium segrega-
tion and nominal indium concentration in each layer were
FIG. 5. Indium-concentration profile of the layers of Fig.4
along the growth direction [001]: (a) Layer 1, (b) Layer 2,
(c) Layer 3, (d) Layer 4. The best fits of the data using the
phenomenological segregation model of Muraki are also shown
(red) where R is the segregation coefficient or probability, N
is the number of monolayers containing indium atoms that
were deposited (well width) and xo is the nominal indium
concentration.
obtained by fitting the indium concentration profile with
the phenomenological model of Muraki et al.,[26] which
allowed to derive the segregation coefficient R (the frac-
tion of indium atoms that segregate from one monolayer
to the next one):
xn =

0 for n < 1
x0(1−Rn) for 1 ≤ n ≤ N
x0(1−RN )Rn−N , for n > N
In this model, xn is the actual indium concentration in-
side the nth monolayer, N is the total number of mono-
layers containing indium atoms that were deposited (well
width) and x0 is the nominal indium concentration. Fig.5
shows the number of indium atoms per atomic layer along
the growth direction and a fit to the data (using above
equations) from which the segregation coefficient (R),
well width (N) and nominal indium concentration (x0)
were determined.
As expected from the filled-state images, there is a
strong segregation of indium along the growth direc-
tion at lower arsenic flux. From the fitting, one can see
that layers 1 and 2 have the same segregation coefficient
(R=0.83), which is consistent with the fact that they
were grown under the same conditions, the only differ-
ence being the number of cycles (6 and 10, respectively).
When the arsenic flux is increased, as in layers 3 and 4,
the segregation coefficient was reduced to 0.79 and 0.72.
Although it was not possible to get empty-state images of
5layer 5, we expect that its segregation coefficient would
be even lower (as suggested in Fig.2 and Fig.3), as the
InAs and GaAs growth rates were much higher than in
the other layers, and also contribute to the reduction of
indium segregation. Such values of R are in excellent
agreement with the ones obtained independently, by in-
situ reflection high-energy electron diffraction (RHEED),
during the growth of samples under conditions similar to
the ones used here[28]. The well width (N) derived from
the fitting is in rather good agreement with the nominal
number of atomic layers deposited to form the SMLQDs
(18 MLs for layers 1,3, & 4, and 30 MLs for layer 2). An-
other interesting result from the fitting is that the indium
concentration (x0) of the InAs layers that were deposited
for the formation of the SMLQDs is lower in layers 1 and
2 (x0=0.16) than in layers 3 and 4 (0.23). Since the de-
position cycles were exactly the same for all the layers,
one should expect x0 to be constant for all of them, irre-
spective of the segregation coefficient. The indium atoms
that are not incorporated at once, will segregate and be
incorporated in the next layers, as can be seen in the
equations above. Therefore, this variation of x0 is not
related to any segregation effect but rather to a physi-
cal limitation of the incorporation process of the indium
atoms themselves. Since the (2×4) surface reconstruc-
tion could only be achieved with a very low arsenic flux,
we believe that such a flux is also responsible for the re-
duction of indium incorporation[26], leading later to the
evaporation of indium atoms from the surface. This is
why layers 1 and 2 contain less indium atoms than the
other layers and look less bright.
It is clear from the X-STM images that the InAs/GaAs
SMLQDs can not be considered as vertical stacks of 2D
InAs islands surrounded by pure GaAs material. Instead,
they look like In-rich clusters that are embedded into a
thick InGaAs quantum well (QW) having a lower indium
content. It is also clear that the SMLQDs don’t have
a more homogeneous size distribution than SKQDs, as
often believed as a result of their narrower photolumi-
nescence spectrum[15]. The roughness at both interfaces
of this quantum well introduces local fluctuations of the
potential well that hinder the motion of charge carriers
and affect the spectral line width and the recombination
rate of the devices[29]. The monolayer fluctuations in
the InGaAs-QW width were observed by measuring the
thickness at each pixel row perpendicular to the QW in
the filled-state images of all SMLQD layers. Fig.6 shows
an example of the fluctuations of the InGaAs-well width
over a length of 80 nm in layer 1 (see Fig.S.1 to Fig.S.4
in Supplemental Material for layers 2 to 5). The well
width fluctuations were summed over a distance of 400
nm along the lateral direction for all the five layers using
multiple filled-state images taken at the same tunneling
conditions. The distribution of the well widths shows
a near Gaussian behavior for all the SMLQDs, as illus-
trated in Fig.7, where it can also be seen that they all
FIG. 6. Well-width analysis: (a) X-STM filled-state image
of layer 1 showing the interface on both sides of the InGaAs
QW (red lines); (b) local well-width fluctuations of the QW
corresponding to the horizontal distance between the two red
lines; (c) histogram displaying the distribution of well widths
across the whole image.
have an average full-width at half maximum (FWHM)
of around 1 nm. The average well width of each distri-
bution is in good agreement with the well-width values
(N) calculated from the fits presented in Fig.5. The sim-
ilarity between FWHM results indicates that the well-
width fluctuations do not depend on the growth condi-
tions. Since their values are quite small, they will have a
very weak effect on charge-carrier confinement. From the
X-STM analysis, it is very clear that the lateral composi-
tion fluctuations lead to the formation of In-rich clusters,
will have a major contribution to the 3D confinement of
charge carriers.
Despite the expectation that the (2×4) reconstruction
(layers 1 & 2) should allow the formation of 2D InAs
islands[10], the X-STM results show no such islands for-
mation under the current growth conditions. The incor-
poration of indium is lower than expected in the pres-
ence of a (2×4) surface reconstruction due to the very
low arsenic flux. On the other hand, layers (3, 4, &
5) deposited with a c(4×4) surface construction using a
higher arsenic flux yielded a higher density of indium-rich
clusters, probably due to the lower segregation coefficient
and higher indium incorporation rate. However, one can
observe that the SMLQDs don’t have the full expected
height (18 MLs for layers 1, 3, 4 and 5). That can be
6FIG. 7. Distribution of well widths summed over a distance of 400 nm for each SMLQD layer with a Gaussian fit(red). The
average well width (W) and full-width at half maximum (FWHM) are indicated: (a) Layer 1; (b) Layer 2; (c) layer 3; (d) Layer
4; (e) Layer 5.
explained by the strain in the SMLQDs that seems to
be too small to induce vertical stacking, when compared
to typical SKQDs[8], due to the lower amount of indium
in the layers. The local indium-rich clusters with a base
length of 4–6 nm and a height of 3–3.5 nm can lead to
charge-carrier confinement similar to the one of SKQDs
of comparable dimensions[30]. Although SMLQDs are
supposed to have no wetting layer, the InGaAs QW
in which they are embedded could actually act as one,
since it is a 2D system directly in contact with the SM-
LQDs. Hetero-dimensional confinement was reported in
SMLQDs, with the electron wavefunction extending over
multiple indium-rich clusters in the InGaAs QW, while
the hole was 3D confined inside a single SMLQD[15].
Even though SMLQDs layers grown with a c(4×4) re-
construction at higher arsenic flux show a higher density
of nanostructures, the growth conditions to get SMLQDs
in the presence of a (2×4) surface reconstruction might
still be optimized to increase In incorporation and de-
crease segregation. Perhaps then it would be possible to
observe the nucleation of 2D InAs islands[9] which might
vertically stack to form SMLQDs having better structural
and optoelectronic properties.
CONCLUSIONS
In conclusion, we investigated multiple layers of
InAs/GaAs submonolayer quantum dots grown on a Si-
doped GaAs(001) substrate under different conditions by
X-STM with atomic resolution. The morphology and lo-
cal indium composition were studied by filled-state and
empty-state imaging. The arsenic flux had a strong im-
pact on the formation of SMLQDs than surface recon-
struction. From the X-STM images, we could not ob-
serve any nucleation of 2D InAs islands in the presence
of a (2×4) surface reconstruction. The SMLQDs layers
grown at high arsenic flux, higher InAs and GaAs growth
rates with a c(4×4) surface reconstruction formed highly
dense (5-6×1011 SMLQDs/cm2) In-rich clusters that can
mimic quantum dots. Increasing the arsenic flux signif-
icantly decreases indium segregation during the growth.
The interface roughness of the InGaAs well width is not
significant compared to the more pronounced composi-
tional fluctuations. Thus, the present work provides a
detailed insight into the fundamental understanding of
growth and formation of SMLQDs, that is needed for
further growth optimization.
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